Brucella canis is a pathogenic bacterium for dogs and its zoonotic potential has been increasing in recent years. In this study, we report the sequencing, annotation and analysis of the genome of Brucella canis strain Oliveri isolated from a dog in a breeding kennel in Medellín, Colombia, South America. Whole genome shotgun sequencing was carried out using the ROCHE 454 GS FLX Titanium technology at the National Center for Genomic Sequencing-CNSG in Medellin, Colombia. The assembly procedure was performed using Newbler v2.6. In the genome annotation process, each contig was analyzed independently using as reference Brucella suis ATCC 1330 chromosomes. This new genome could be useful for the development of diagnostic tools and for vaccines search as well, in order to reduce the health impact of this infection in both, dogs and humans. The sequence was deposited in EMBL-EBI with accession numbers HG803175 and HG803176 for chromosomes 1 and 2, respectively.
Introduction
Brucella is a genus of Gram-negative intracellular coccobacilli facultative intracellular that belongs to the Proteobacteria phylum, comprised of ten well-characterized species. Some species of the genus Brucella can infect a wide range of animal hosts, including humans. Due to the relevance of the genus in public health and the need for basic evolutionary studies, a great amount of research is being performed including genome sequencing and analysis of reference strains.
Reports of genomic analyses have included Brucella melitensis [1] , Brucella suis [2] [3] [4] , Brucella abortus [5] , Babesia microti [6] , Brucella ovis [7] , Brucella canis [8] and Brucella pinnipedialis [9] .
B. canis is a veterinary pathogen that affects the reproductive tract of dogs and can be isolated from blood and other body fluids or tissues of infected animals [10] [11] [12] .
This bacterium can be transmitted to humans exposed to infected dog secretions, or bacterial laboratory cultures [13] , inducing many symptoms from mild flu-like to severe complications [14] [15] [16] [17] [18] [19] .
The phylogenomic analysis of B. canis has shown that this agent is closely related to B. suis and that the former originated from the latter around 22,000 years ago [20] . B. canis genome sequencing isolated in China and United States were previously analyzed [8, [21] [22] [23] .
Brucella genomes lack plasmidic DNA and contain two chromosomes of approximately 2.1 and 1.2 Mbp in length. Both carry ribosomal gene clusters and approximately 3200 protein-coding genes have been detected in each species. In general, Brucella genomes are highly conserved, with less than 6% nucleotide sequence variation, attributed to the recent origin of the genus [5] . Methodologies for sequencing Brucella genomes have evolved from the Sanger capillary technique [5] , to the 454 WGS (Whole Genome Sequencing) methodology combined with Sanger sequencing to fill the gaps [24] , up to date, when Brucella genome studies of different strains have been done using the Illumina platform [25] .
In the present article we report the full genome sequence of a Colombian isolate of B. canis str. Oliveri (accession number HG803175 and HG803176) previously reported as Group 2 [26] , using the 454 FLX titanium technologies with the whole genome shotgun strategy. After read assembly, 34 contigs were obtained with an average coverage of 28X. Chromosome 2 was finished using PCR and Sanger sequencing; chromosome 1 was partially degapped using the same strategy. Comparative analysis with Brucella reference genomes showed several indel events, some being B. canis-specific and others specific of the Colombian strain.
Material and methods

Bacterial Culture and DNA extraction
The B. canis strain from a blood culture in tryptic soy broth (Becton Dickinson, Franklin Lakes, NJ, USA), was isolated in tryptic soy agar (Becton Dickinson, Franklin Lakes, NJ, USA), from a dog of a kennel in Medellín, Colombia. The strain was confirmed as B. canis using a biochemical test such as urease production and molecular tests [26] . One colony was then inoculated in tryptic soy broth and incubated for 2 days at 37°C; this liquid culture was used for genomic DNA extraction. A column-based method was used following the manufacturer's instructions (QIAGEN, DNeasy Blood & Tissue Kit, CAT# 69504). DNA concentration was measured using UV light absorption at 260 nm and Picogreen fluorescence (INVITROGEN, Quant-iT™ PicoGreen® dsDNA Assay Kit, CAT# 69504).
Whole genome shotgun sequencing and assembly
Whole genome shotgun sequencing was carried out using the ROCHE 454 GS FLX TITANIUM technology at the National Center for Genomic Sequencing-CNSG, Universidad de Antioquia, Medellin, Colombia, following all the standard protocols. One fourth of PTP (picotiter plate) was used for sequencing and 289,912 reads were obtained, representing 93,261,046 raw bases. Read dataset quality was analyzed using FASTQC software, to quickly obtain some summary statistics to check the quality of the run [27] . The assembly procedure was performed using Newbler v2.6 with default options for de novo genome assembly. Contig scaffolding was carried out using the ABACAS algorithm [28] with B. suis 1330 chromosomes, as reference.
Chromosomes 2 and 1 were completed using PCR, cloning and capillary sequencing for both strands. Gap flanking regions were used to design the primers (see the Table S1 in ref [29] ).
Genome annotation
For the genome annotation process, each chromosome was analyzed independently. The RATT algorithm was used for automatic annotation using the B. suis ATCC 1330 genome with Genbank accession numbers NC_004310.3 and NC_004311.2 as reference. Each chromosome was then manually curated using the ARTEMIS software. Some of the features had to be edited since the RATT tool incorrectly identified many non-ATG starting codons or skipped several genes.
Genome comparison
The program MAUVE v2.3.1 served for entire genome alignment and comparative analysis of Indels and SNPs between B. canis str. Oliveri, B. canis ATCC 23365, B. canis HSK A52141 and B. suis 1330. Output tables were filtered and edited using custom PERL and Python scripts. FASTA package was used for global comparisons of genes and predicted protein sequences.
Results
Genome assembly and annotation
Whole genome shotgun in one quarter PTP of 454 FLX Titanium produced a total of 289,912 reads with a GC content of 57%, an average length of 321 and a Phred quality score of 31. Total read bases summed 93,326,476 with no ambiguous nucleotides. Genome assembly with Newbler v2.6 produced 34 contigs with an average coverage of 28X, only one contig presented an aberrant read depth of 1.9X (Fig. 1) . This contig was also very small with only 141 bases; it might represent an aberrant product of the assembler and therefore was excluded from further analyses (see the Table S2 in ref [29] ). The length of the 33 remaining contigs ranged from 552 to 439,538 bases, the N50 genome assembly value was of 294,016 bases with 99.91% of the bases in the assembly with a Q40 quality value. Repetitive elements within the genome suffer compression during the assembly process, resulting in contigs with a higher read depth, often multiples, of the average contig depth. Contigs 20, 22, 28 , and 30 clearly presented such phenomena (see the Table S2 in ref [29] ). BLAST comparisons of such contigs showed them to be ribosomal, IS3 (chr2) and IS711 (portion) sequences, repeated two or more times in the genome. The following step involved contig reordering based on its position within the chromosome. For this purpose genome alignment with the close reference strain, B. suis 1330, was carried out using the MUMMER genome aligner. Once the contigs had been assigned and positioned, the ABACAS automatic algorithm reordered and constructed pseudochromosome of both molecules. Contigs 28, 29, and 32 were excluded by ABACAS in the pseudochromosome (see the Table S2 in ref [29] ).
For further confirmation of the contig scaffolding with the reference chromosomes, PCR amplification and capillary sequencing was carried out for both chromosomes. Chromosome 2 of B. canis str. Oliveri was fully validated and neither ambiguous bases nor gaps remained. In chromosome 1, comparative analysis with other B. canis genomes, showed that gaps between contigs were related to ribosomal gene clusters, to part of the IS711 insertion sequence, to the translation elongation factor Tu gene and to some repeated sequences at the ends of neighboring contigs. These gaps were partially removed and those belonging to rDNA, repetitive motifs, tuf1 and tuf2 and part of the IS711 element were not filled. Twenty gaps remained in this chromosome. The final sizes of the chromosomes I and II were 2,111,919, and 1,206,736 bp, respectively.
Genome annotation was carried out using the automated annotation transfer tools of the Sanger institute, RATT [30] ; the B. suis 1330 genome was used as reference. The complete chromosome manually curated allowed the annotation of features that were lost by the RATT script or wrongly transferred. Finally, a total of 2130 and 1158 CDS were annotated in chromosomes 1 and 2 of B. canis str. Oliveri, respectively (Figs. 2 and 3) built using Circos [31] .
B. canis str. Oliveri genome structure
The genome showed perfect synteny with other B. canis and B. suis strains whose genomes are completely annotated in GenBank. The total length of the genome is 3,318,655 bp. A total of 5 insertion elements, including IS711, were identified in chromosomes 1 and 2 in chromosome 2. These are identical to the ones previously reported in B. canis ATCC 23365. B. canis species-specific deletions and insertions were detected in both chromosomes, which ranged from 1 to 357 bp, most of them involving coding regions (Table 1) . Each chromosome in B. canis str. Oliveri presented two specific sequence deletions. In chromosome 1, deletions involved 218 and 2 bases affecting the tRNAGLU gene and one intergenic region, respectively. In chromosome 2, deletions were of 1 and 7 bases in intragenic regions ( 
Protein comparison
Predicted peptides of B. canis str. Oliveri were aligned (global alignment) with its respective ortholog in B. canis HSK A52141, B. canis ATCC 23365 and B. suis 1330. This analysis showed that proteins sharing 100% identity were 82% with B. canis ATCC 23365, 63% with B. canis HSK A52141 and 71% when compared to B. suis 1330 ( Table 3) . The lower protein identity with the HSK A52141 is noteworthy. When compared to other B. canis strains and B. suis, inspection of the annotated CDS features in the HSK A52141 genome showed several differences at the start codon of several genes; this could explain the protein identity differences observed between the two isolates (Table 3) .
We considered as very divergent proteins those that had an amino acid identity below 60% with its respective orthologs between B. canis str. Oliveri and the other reference strains compared. In this subclass, we observed 7% of divergence when compared to B. canis ATCC 23365; 14% against B. canis HSK A52141 and 2.25% against B. suis 1330 (Table 4) .
Single nucleotide polymorphisms (SNPs)
SNPs between B. canis str. Oliveri and the other three reference genomes studied were calculated. For chromosome 1; 90, 108, and 1408 SNPs were found compared with B. canis ATCC 23365, B. canis HSK A52141 and B. suis 1330, respectively. In chromosome 2, in the same order, 82, 81, and 918 SNPs were detected. This data correlates with the percentage of proteins that showed 100% identity, indicating that B. canis str. Oliveri is closer to B. canis ATCC 23365. Forty-eight SNPs were unique to the Colombian B. canis str. Oliveri (see the  Table S3 in ref [29] ).
Discussion
Bacterial genome sequencing has opened a new era in the analysis of pathogenic bacteria.
Regarding genome structure, B. canis str. Oliveri has a GC-content of 57%, similar to that of both Chinese isolates: the dog strain 118 (57, 27%) [21] and the human strain BCB018 [23] . Regarding sizes, when these three strains were compared, str. Oliveri showed a larger genome size; 3,318,655 versus 3,234,827 bp for strain 118 and 3,247,324 bp for strain BCB018.
As was described in earlier investigations, within the Brucella genome, it is common to find deletion events, more frequently than insertions [21] [22] [23] 32, 33] . Apart from the indels common to all the B. canis genomes examined, there were specific mutations of the Colombian isolate. This map of variations could be used as candidate for molecular epidemiology studies.
The differences found may be explained by the bacterial adaptation to hosts and environments that produce genetic changes and therefore loss of genomic material unnecessary in the pathogenesis process, or produce genetic polymorphisms, as has been reported by other authors [21, 22, 34] .
Genome sequencing of several B. canis strains around the world, and also from different hosts, such as dogs and humans, it is very important to establish which characteristics are conserved or different between the strains. Perhaps, depending on their environment and host, the pathogenic mechanisms and co-evolution processes could have generated small differences in the genetic material of the bacterium. These changes could be useful in the future to determine what generates the differences in virulence and host specificity [35] .
The genome sequence of B. canis str. Oliveri can be used as the starting point in the development of specific diagnostic tools for early detection of infection in dogs and humans, as well as in the development of vaccines, all of which could help avoid the epidemiological, public health and economic complications caused by the disease.
Conclusions
We report here the annotated genome sequence of B. canis str. Oliveri, isolated from a dog in Medellín, Colombia. It shows unique genomic characteristics that indicate that within a species, there are differences in genome structure associated to its geographical origin. This genome could also be useful in the development of diagnostic tools and vaccines, in order to reduce health complications of this infection in dogs and humans.
